Prolonged normothermic ex vivo heart perfusion could transform cardiac transplantation. To help identify perfusate components that might enable long-term perfusion, we evaluated the effects of cross-circulated whole blood and crosscirculated plasma from a live paracorporeal animal on donor porcine hearts preserved via normothermic ex vivo heart perfusion. Standard perfusion (SP; n = 40) utilized red blood cell/plasma perfusate and Langendorff technique for a goal of 12 hours. Cross-circulation groups used a similar circuit with the addition of cross-circulated venous whole blood (XCblood; n = 6) or cross-circulated filtered plasma (XC-plasma; n = 7) between a live paracorporeal pig under anesthesia and the perfusate reservoir. Data included oxygen metabolism, vascular resistance, lactate production, left ventricular function, myocardial electrical impedance, and histopathologic injury score. All cross-circulation hearts were successfully perfused for 12 hours, compared with 22 of 40 SP hearts (55%; p = 0.002). Both cross-circulation groups demonstrated higher oxygen consumption and vascular resistance than standard hearts from hours 3-12. No significant differences were seen between XC-blood and XC-plasma hearts in any variable, including left ventricular dP/dT after 12 hours (1478 ± 700 mm Hg/s vs. 872 ± 500; p = 0.17). We conclude that cross circulation of whole blood or plasma from a live animal improves preservation of function of perfused hearts, and cross-circulated plasma performs similarly to cross-circulated whole blood. ASAIO Journal 2017; 63:766-773.
Scarce availability of donor hearts continues to be a problem in the United States; more than 4,000 patients are awaiting a heart transplant, yet only 2,804 heart transplants were performed in 2015. 1 One persistent issue necessitating regionalization of listing is the relatively short, 6 hour preservation time allowed by the current standard, cold preservation at 4°C. 2 A solution to this problem is prolonged normothermic ex vivo heart perfusion (NEVHP). The goal of this technology would be to extend heart preservation times well beyond the current 6 hour limitation, thereby expanding both the donor pool and the eligible recipients. Furthermore, NEVHP would allow functional assessment of a donor heart before transplant and provide a window for reconditioning.
NEVHP has been studied extensively in animal models, with a sharp decline in function and structural changes when preservation times approach 12 hours. [3] [4] [5] [6] [7] [8] Recently, using the Organ Care System (OCS) developed by TransMedics Inc. (Andover, MA), NEVHP has also been evaluated in clinical trials showing comparable transplant outcomes when compared with standard preservation despite significantly longer preservation times, albeit still less than 6 hours. 9, 10 Although these early successes are promising, the ideal perfusate components to sustain prolonged (>6 hours) cardiac ex vivo preservation have not been clearly defined. It has been reported that in normothermic conditions, whole blood-based perfusate provides superior cardiac functional preservation to acellular perfusate. 6 We recently reported successful 12 hour preservation of porcine donor hearts using NEVHP in 22 of 40 attempts. 11 The perfusate was based on donor blood. Although 12 hour perfusion was achieved, 18 hearts failed to maintain adequate function for 12 hours, suggesting that some component of the perfusate became depleted or some toxic metabolite accumulated in these hearts. To address this question, we designed experiments to evaluate the effects of a continuous supply of fresh blood or plasma to and continuous removal of potential toxins from the perfused heart. In these experiments, porcine donor hearts were perfused using our NEVHP technique, with the addition of cross circulation from a live, paracorporeal pig (PCP) under anesthesia with the perfusate reservoir. We investigated the effects of both cross-circulated whole blood and cross-circulated plasma alone. We hypothesized that cross circulation with a live PCP would improve heart preservation for 12 hours.
Materials and Methods

Standard Perfusion
We recently reported successful 12 hour perfusion in 22 of 40 hearts using donor blood as the basic perfusate. 11 The blood perfusate was depleted of white cells and platelets to avoid a potential inflammatory response. The circuit included a perfusion chamber that drained into a cardiotomy reservoir. Perfusate was pumped from the reservoir using a peristaltic pump (Stockert Instruments Caps Roller Pump, Munich, Germany) to a combination pediatric oxygenator and heat exchanger (reservoir and oxygenator by Terumo Corp. Capiox RX05, Ann ( Figure 1A) . In this report, we compare hearts perfused with this standard technique to hearts similarly perfused but with the addition of continuous cross circulation with a live animal.
Cross-Circulation Perfusion
Heart Procurement. Healthy adult swine weighing 50 ± 10 kg were induced and maintained under anesthesia. Vascular access was obtained according to our established laboratory protocols. 13 The animal was hydrated with 2 l of Lactated Ringer's solution, after which 500 ml of venous blood was harvested to create the initial perfusate.
Lidocaine 1 mg/kg intravenous (APP Pharma LLC, Schaumburg, IL) was administered and a midline sternotomy was performed. The superior pericardium was opened to allow for isolation of the great vessels as part of standard technique of cardiac procurement for orthotopic transplantation. The remainder of the pericardium was preserved around the heart to prevent desiccation during NEVHP. The animal was heparinized, venous return was occluded, the aortic arch clamped, and 500 ml of high potassium del Nido cold cardioplegia (CAPS Inc., Detroit, MI) was infused antegrade via an aortic root cannula. Topical cooling was achieved via standard techniques and the heart with intact pericardium was removed and placed on an ice bath. Cold ischemia times did not exceed 1 hour. Additional venous blood was harvested after caval ligation.
Back Table Preparation
All cannulae used were products of Terumo (Ann Arbor, MI). A 3/8 × 3/8 in. PVC connector (Medtronic Inc., Minneapolis, MN) was secured in the aortic root for antegrade coronary perfusion. A 28 Fr venous drainage cannula was placed into the right ventricle via the pulmonary artery. The left ventricle (LV) was vented using a 10 Fr LV vent placed across the mitral valve via the left atriotomy. A pressure-transducing apparatus consisting of a 10 Fr cannula secured within a high-compliance balloon was also inserted into the LV across the mitral valve via the left atriotomy. The leaflets of the mitral valve were suture approximated around this apparatus to maintain appropriate positioning.
14 All open pulmonary veins were ligated. The heart was deaired, and the cannulas were connected to the perfusion apparatus. The heart was then suspended by the aortic root and perfusion was initiated.
Priming Perfusate
Blood from the donor was centrifuged (Thermo IEC Centra GP8R, Rockaway, NJ) at 3,500 RPM for 15 minutes to separate blood components and remove white blood cell and platelet fragments. A total of approximately 300 ml of perfuse was created by reconstituting the packed red blood cells with donor plasma. In addition, 80 mg Gentamicin, 250 mg Nafcillin (APP Pharma LLC, Schaumberg, IL), and 200 mg Solu-Medrol (Pfizer, New York, NY) were added to the perfusate at the start of perfusion (hour 0), at hour 4, and at hour 8.
Heart Perfusion Circuit and Parameters
The circuit for cross-circulation perfusion (XCP) was constructed in the same way as for SP, as described above. Perfusion was slowly increased from an initial aortic root pressure of 20 mm Hg and temperature of 20°C to goals of 40-60 mm Hg and 37°C FIGURE 1. Experimental setups. A: The SP experimental setup includes a blood reservoir, from which blood is pumped by roller pump to an oxygenator/heat exchanger, followed by retrograde aortic antegrade coronary perfusion in Langendorff fashion. Venous blood is returned to the reservoir from the right ventricle via a transpulmonic cannula. The SP setup also forms the basis for other NEVHP experiments. B: Blood cross-circulation experiments (XC-blood) utilize the SP NEVHP setup, with the addition of a live PCP under anesthesia. Venous blood is drained from the femoral vein of PCP into the reservoir, and reservoir blood returned to the PCP via the external jugular vein. C: Plasma cross-circulation experiments (XC-plasma) also utilize the SP NEVHP setup and a live PCP. Venous blood from the PCP and blood from the reservoir both are passed continuously through respective plasma filters. Plasma is then exchanged between PCP and reservoir at 1 l/hr. NEVHP, normothermic ex vivo heart perfusion; PCP, paracorporeal pig; SP, standard perfusion.
over the first hour. One hundred to three hundred milliliters of circuit perfusate was exchanged for fresh perfusate if spontaneous contractions did not begin after 1 hour. Defibrillation with up to 20 J was performed in cases of ventricular fibrillation. Perfusion was continued for 12 hours as long as the heart maintained rhythmic ventricular contraction or organized electrical activity.
Cross Circulation
Cross-circulation experiments with blood ("XC-blood"; n = 6) and plasma ("XC-plasma"; n = 7) were performed with the addition of a second healthy adult PCP (50 ± 10 kg) under anesthesia. 14 Fr cannulae were placed into the femoral (drainage) and jugular (reinfusion) veins. Cross circulation began 1 hour after the onset of perfusion and continued for 11 hours. For XC-blood experiments, blood was pumped by roller pump from the drainage cannula into the reservoir, and then pumped from the reservoir back to the PCP at rates from 17 to 150 ml/ min ( Figure 1B) . For XC-plasma experiments, blood from the PCP and from the reservoir was pumped via roller pump to respective Plasmaflo plasma filters (Asahi Kasei Medical MT Corp., Oita, Japan). Blood effluent from the plasma filters was returned to the PCP or reservoir from which it originated, while filtered plasma was pumped into blood effluent from the opposite filter at 1 l/hr ( Figure 1C ).
Data Collection
Aortic root pressure (coronary arterial pressure) and circuit flow were recorded every half hour and used to calculate vascular resistance. Arterial and right ventricle blood gases were collected, and oxygen consumption calculated every hour. With LV diastolic pressure controlled to 8-12 mm Hg by saline distending the pressure-transducing balloon, systolic pressure, and maximum dP/dT were determined. Myocardial impedance electrodes (Ethicon, Somerville, NJ) were implanted in the LV as separated by 1 cm, and myocardial impedance was recorded at 1, 10, and 100 kHz every hour.
After 12 hours of perfusion, hearts were disconnected from the circuit, drained, and weighed. Samples of each chamber were removed, weighed, dehydrated for 7 days, and reweighed to calculate wet-to-dry ratios. The remainder of the heart was fixed in 10% neutral buffered formalin for histologic analysis. Routine hematoxylin and eosin staining was performed. Myocardial injury was graded on the presence and severity of myofiber degeneration, myocardial hemorrhage, interstitial edema, and endothelial alterations. A myocardial injury grading scale with a score range of 0-4 for each category was utilized by a certified veterinary pathologist who was blinded to experimental group (Table 1) .
Animal Care and Treatment
All animals received humane care in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Animal protocols were approved by the University of Michigan Institutional Animal Care and Use Committee.
Statistical Analysis
Statistical analyses were performed using Microsoft Excel 2013 (Microsoft, Redmond, WA) and SPSS version 22.0 (IBM Corp., Armonk, NY). Continuous variables were compared using student's t-test, whereas categorical variables were compared using Fisher's exact test. Test results are expressed as mean ± standard deviation. A p value < 0.05 was considered significant.
Results
Duration of Perfusion
SP hearts were successfully preserved for 12 hours in 22 of 40 attempts (55%). XCP hearts (XC-blood and XC-plasma) were successfully preserved for 12 hours in 13 of 13 attempts (100%; p = 0.002).
Perfused Heart Function
Oxygen consumption increased over time and was significantly higher in both XC-blood and XC-plasma hearts than SP hearts from hours 4 to 12. At 12 hours, oxygen consumption was 9.9 ± 6.9 ml/min for XC-blood hearts and 8.4 ± 5.5 for XCplasma hearts (p = 0.66), compared with 2.7 ± 1.5 for SP hearts (p < 0.001; Figure 2A ). Vascular resistance similarly increased over time with cross circulation and was significantly higher with XC-blood and XC-plasma hearts for hours 3-12. Vascular resistance at hour 12 was 0.76 ± 0.37 mm Hg/l/min for XCblood and 0.82 ± 0.37 for XC-plasma (p = 0.79), compared with 0.27 ± 0.23 for SP hearts (p < 0.001; Figure 2B ). The difference in lactate concentration between venous and arterial blood was recorded for cross-circulation hearts; no significant differences were seen at any time point (p > 0.05 at all time points; Figure 2C ). LV systolic function was compared between cross-circulation groups using a pressure-transducing balloon in a nonworking model. With diastolic pressure controlled to 8-12 mm Hg, average LV systolic pressure over 12 hours did not significantly differ between XC-blood and XC-plasma (76 ± 16 mm Hg vs. 67 ± 22; p = 0.66), nor did LV systolic pressure at the 12 hour time point (84 ± 50 mm Hg vs. 60 ± 21; p = 0.35; Figure 3A) . Similar results were seen with maximum LV dP/dT, with no significant difference seen in LV dP/dT after 12 hours between XC-blood and XC-plasma (1478 ± 700 mm Hg/s vs. 872 ± 500; p = 0.17; Figure 3B ).
Heart Edema and Tissue Injury
Myocardial electrical impedance, which serves to measure tissue edema and cellular injury, [15] [16] [17] was recorded every hour at 1, 10, and 100 kHz in cross-circulation experiments. No differences were seen at any frequency between XC-blood and XC-plasma hearts (Figure 4A-C) . Similarly, no difference was seen in average wet-to-dry ratio between XC-blood and XCplasma at the conclusion of 12 hours (5.1 ± 0.5 vs. 5.3 ± 0.4; p = 0.42). Wet-to-dry ratio was determined in 8 of 22 successful 12 hour SP experiments and was significantly lower than that of XC-plasma hearts (4.4 ± 0.8 vs. 5.3 ± 0.4; p = 0.04), though FIGURE 2. Measures of donor heart metabolism. A: Oxygen consumption. Oxygen consumption was significantly higher in cross-circulation hearts than SP hearts; no differences were seen between blood and plasma. B: Vascular resistance. Vascular resistance was significantly higher in cross-circulation hearts than SP hearts; no differences were seen between blood and plasma. C: Lactate production/consumption. Positive values reflect lactate production. Both XC-blood and XC-plasma hearts appeared to have slightly positive lactate production, with no differences between groups noted. SP, standard perfusion. not significantly different from XC-blood hearts (5.1 ± 0.5; p = 0.12; Figure 5 ).
On histology, successful SP hearts exhibited significantly less injury than XC-blood in every category except for edema. Average injury score in successful SP hearts was 0.9 ± 0 .6, compared with 2.0 ± 0.4 for XC-blood (p < 0.001) and 1.7 ± 0.2 for XC-plasma (p = 0.02). No significant differences were seen between XC-blood and XC-plasma in any category, including average injury score (p = 0.22; Figure 6 ).
Discussion
The relatively low percentage of listed patients receiving a heart for transplantation is in part due to the relatively short preservation time and regionalization that cold preservation necessitates. 2 Normothermic ex vivo heart perfusion represents a potential solution to this problem, as it could expand the donor pool by prolonging preservation times and allowing pretransplant assessment of graft function and the potential for graft reconditioning and immunomodulation. Although this has shown promise in animal and human experimentation, to the best of our knowledge, graft preservation beyond 12 hours using NEVHP has not been routinely achieved. Perfusate components that optimize hypothermic perfusion have been documented, but the ideal perfusate for NEVHP has not been identified. 18 We therefore investigated the effects of crosscirculated whole blood and cross-circulated plasma from a live paracorporeal pig, not for the purpose of investigating the clinical applicability of this method, but in the interest of identifying the factors necessary to prolong cardiac graft preservation.
Using both cross-circulated blood and cross-circulated plasma, we achieved 100% success at maintaining porcine donor hearts in a functional state using NEVHP for 12 hours. This is in contrast to our SP experiments, in which successful 12 hour preservation was achieved in only 22 of 40 attempts (55%). Even when comparing only those 22 successful 12 hour SP runs to cross-circulation runs with blood or plasma, cross circulation clearly resulted in functional differences. Oxygen consumption was significantly higher in XCP hearts when compared with SP hearts, indicating higher metabolic rate most likely secondary to more vigorous function. Vascular resistance also increased over time in XCP hearts and became significantly higher than resistance in SP hearts after FIGURE 4. Measures of donor heart edema. A-C: Impedance over time (1, 10 , and 100 kHz). Low frequency impedance reflects extracellular fluid volume, whereas high frequency impedance more reflects cellular damage. No differences were seen between blood and plasma cross circulation at any frequency. FIGURE 5. Percent weight change after 12 hours. Successful 12 hour SP hearts exhibited significantly more weight gain than both XC-blood and XC-plasma hearts. No significant differences were observed between XC-blood and XC-plasma. SP, standard perfusion.
FIGURE 6.
Histopathologic injury scores. H&E-stained slides were assessed by a pathologist blinded to experimental group and scored 0-4 in 4 categories: myofiber degeneration, myocardial hemorrhage, interstitial edema, and endothelial changes. SP hearts exhibited significantly less injury than XC-blood in every category except for edema. Lower myofiber degenderation and average injury scores were also seen with SP hearts compared with XC-plasma. No significant differences were seen between XC-blood and XCplasma. H&E, hematoxylin and eosin; SP, standard perfusion.
3-4 hours of perfusion. Meanwhile, no differences were seen in oxygen consumption or vascular resistance between blood and plasma cross circulation. The significance of this elevated vascular resistance with cross circulation is unclear, as studies have linked elevated vascular resistance to delayed graft function in human kidneys. 19 However, the vascular resistance observed in cross-circulation hearts may more closely approximate physiologic resistance, while the resistance in SP preparations appears disproportionately low. Of note, graft function in this study was significantly better than SP hearts even though those hearts maintained lower vascular resistance. Regardless, we believe this vascular resistance highlights a significant difference in physiology between SP hearts and XCP hearts, as well as similar physiology between blood and plasma cross circulation. These data suggest that cross circulation with a living animal preserves ex vivo heart function, and that plasma is the vehicle by which this preservation occurs.
XC-plasma and XC-blood hearts exhibited similar levels of edema and cellular injury during NEVHP and after 12 hours. Percent weight change, indicative of edema, was not significantly different between XCP groups. Myocardial electrical impedance can be measured at frequent intervals during perfusion and has been shown to reflect extracellular fluid volume and cellular injury, correlating with myocardial injury, edema, and rejection in previous studies. [15] [16] [17] In this study, electrical impedance at both low and high frequencies was also similar between XCP groups over 12 hours of perfusion. Myocardial injury appeared slightly less with cross-circulated plasma than blood, perhaps because of a lack of cross-circulating leukocytes with plasma. Surprisingly, despite significantly improved functional preservation, hearts in both cross-circulation groups exhibited higher injury scores than SP hearts. One working hypothesis as to the etiology of this injury is that cross-circulating leukocytes in the XC-blood experiments or cross-circulating plasma-carried antigens in the XC-plasma experiments cause immune-mediated vascular and myocardial damage. Alternatively, injury could be related to the higher vascular resistance in the XC hearts, which, while it appears to correlate with donor heart vitality, could also be elevated to a pathologic level resulting in vascular injury and edema. Details of the mechanisms of this increased injury are the subject of ongoing investigation.
The optimal perfusate for NEVHP has been the subject of substantial research, but the question remains unanswered. Although blood-based perfusate is precluded during hypothermic EVHP due to issues of viscosity and oxygen exchange, studies have identified blood-based perfusate as necessary during normothermic perfusion to meet the metabolic demands of the functional heart. 6, 18, 20 Blood perfusion alone is inadequate, however, as the isolated perfused heart tends to emulate the loss of viability and vascular tone seen in the cardiovascular collapse of brain-dead humans and animals. 11, 21, 22 It is likely that circulating metabolic substrates and hormones are necessary to maintain organ integrity. This led Steen et al. 22 to propose a collection of hormones that promoted hemodynamic stability in decapitated animals, including epinephrine, thyroxine, desmopressin, and cortisol; similar results were obtained by Hing et al. 23 Keeping with these principles, the OCS includes constant infusion of TransMedics Maintenance Solution, which includes insulin, glucocorticoids, bicarbonate, adenosine, and low-dose epinephrine.
9,10,24 However, given that preservation time appears to remain limited, the current list of OCS perfusate ingredients must lack essential components. Our experiments suggest that some factor or factors in plasma from a live animal, and/or toxin removal by the live animal, are essential for prolonged perfusion. Cross circulation is an old concept, first used clinically by the open-heart operations of Lillehei in the 1950s. 25 In those operations, before the heart-lung machine, the donor heart and lung provided arterial blood to permit cardiopulmonary bypass and intracardiac operations in the recipient. In those patients, cross circulation in a general sense allows for sharing of collective organ function; metabolic substrates and hormones from one organism are made available for the other, while toxic metabolites produced by one organism are potentially cleared by the other. Along these lines, it is not surprising that whole blood cross circulation would improve preservation of isolated perfused donor hearts, as this in essence represents heterotopic transplantation. In recent reports, donor pig hearts have been preserved for over 2 years in live baboons by heterotopic xenotransplantation. 26 Our experiments use a perfusion apparatus, not direct donor animal perfusion. However, the limitation of cross circulation to plasma alone represents a novel experimental technique, and identifies plasma, as opposed the cellular blood components, as the vehicle by which necessary factors are delivered and/or cleared. This finding presents 2 major ramifications. The first pertains to clinical application; if cross-circulated plasma from a live animal contains all necessary factors to optimize donor heart preservation, then these may also be present in fresh-frozen plasma (FFP). FFP is a limited but available resource at tertiary care centers where NEVHP would be used clinically, and its use would be far more feasible than using an intermediate host as was done in these experiments. We recently reported successful isolated human limb perfusion for 36 hours, using FFP and packed red blood cells from our standard blood bank, supporting the feasibility of this strategy. 27 Although these findings suggest that essential factors are supplied in the cross-circulated plasma, it is possible that clearance of toxic metabolites from the perfusate is equally important. We are planning experiments to identify the relative importance of these 2 variables.
The second ramification relates to further research application. With the knowledge that necessary factors for optimal heart preservation during NEVHP are contained within plasma, we can begin to elucidate the essential factors by examining the metabolomic and proteomic profiles of plasma filtered from the paracorporeal animal and plasma filtered from venous blood from the donor heart. We hope to isolate the factors that are present in plasma from a live animal that are essential to maintain prolonged perfusion.
There are numerous limitations of our study, and the first relates to the fact that data collected across experimental models was not consistent in that LV function and electrical tissue impedance data were only collected in the XCP experiments and not the standard preps. This precludes comparison of ventricular function between these groups and limits comparisons of structure/injury to wet-to-dry ratios and histopathologic injury scores. The use of an anesthetized paracorporeal pig also influences our experimentation, as inhalation anesthesia affects systemic physiology, stress response, and circulating hormones to which the donor heart is exposed. [28] [29] [30] However, considering that vascular resistance was actually higher in the preps exposed to inhalational anesthesia, the hemodynamic effect of this exposure might be negligible. Our nonworking heart model using Langendorff technique also limits our assessment of cardiac function as it is not physiologic. We were able to assess LV systolic function, but given that diastolic pressure is controlled in our experimentation, diastolic function and chamber compliance cannot be assessed. Although a working heart model with pressure-volume loop data has been used in other similar experiments, 31, 32 we believe the ultimate proof of perfused heart function is successful transplantation. We have performed 1 successful orthotopic transplant following 12 hours of NEVHP with plasma cross circulation and aim to redemonstrate this success using our model going forward.
Future experimentation will be directed at determining the clinical feasibility of utilizing FFP and plasma exchange instead of cross circulation and at elucidating the circulating factors that prolong and enhance cardiac organ preservation. To determine whether FFP can be used clinically to support donor hearts during NEVHP, we plan to continue plasma cross-circulation experiments, but at lower rates of exchange, to determine the minimum necessary plasma dose required to adequately support NEVHP. To begin elucidating the list of circulating factors, we plan to determine the metabolomics and proteomic profiles of cross-circulating plasma being delivered too and filtered from the heart. The differences in these profiles should highlight candidate substances required for optimal graft preservation. Finally, we aim to prolong graft preservation beyond 24 hours using plasma cross circulation and to continue transplanting hearts following NEVHP with plasma cross circulation to verify their transplant viability.
Conclusions
Both blood and plasma cross circulation with a live paracorporeal animal under anesthesia consistently support donor hearts during NEVHP for 12 hours. The paracorporeal animal provided a continuous supply of plasma factors and removed any toxic metabolites from the perfused heart. Plasma exchange was as successful as whole blood perfusion. This suggests that factors in the plasma of a live animal, and perhaps in FFP, could permit prolonged organ perfusion.
